Regeneration and restoration of the airway epithelium after mechanical, viral or bacterial injury have a determinant role in the evolution of numerous respiratory diseases such as chronic bronchitis, asthma and cystic fibrosis. The study in vivo of epithelial regeneration in animal models has shown that airway epithelial cells are able to dedifferentiate, spread, migrate over the denuded basement membrane and progressively redifferentiate to restore a functional respiratory epithelium after several weeks. Recently, human tracheal xenografts have been developed in immunodeficient severe combined immunodeficiency (SCID) and nude mice. In this review we recall that human airway cells implanted in such conditioned host grafts can regenerate a well-differentiated and functional human epithelium; we stress the interest in these humanized mice in assaying candidate progenitor and stem cells of the human airway mucosa. 
Introduction
The pseudostratified surface epithelium lining human conducting airways is composed of differentiated cell phenotypes including basal, secretory and ciliated cells. These airway epithelial cells act together to ensure airway mucosa defence through different mechanisms such as mucociliary clearance, active secretion of ions and the regulation of water balance, and the release of antibacterial, antioxidant and anti-inflammatory molecules in the airway surface liquid. The airway surface epithelium also possesses a variety of intercellular junctional complexes that create an efficient barrier against inhaled pathogens and other noxious agents.
However, because of permanent contact with the outer environment, the airway epithelium is frequently injured. Bacterial and viral infections, the inhalation of pollutants and toxic agents or mechanical stress can more or less severely alter the integrity of the epithelial barrier [1] . The response of the airway surface epithelium to an acute injury includes a succession of cellular events varying from loss of surface epithelial impermeability to partial shedding of the epithelium or even to complete denudation of the basement membrane. In response to chronic injury, the airway epithelium can also transdifferentiate, with a shift from serous to mucous cells, from ciliated to secretory cells or from secretory to squamous cells. Such a remodelling illustrates the marked plasticity and capacity of the airway epithelium to regenerate [2] .
These transient or permanent alterations in the structure and functions of the airway epithelium after injury have a determinant role in the pathogenesis of numerous respiratory diseases such as chronic bronchitis, asthma and cystic fibrosis (CF).
Animal models of airway epithelium regeneration
A variety of animal models including dogs, rabbits, guinea pigs, hamsters, rats and mice, and different sources of injury (oxidants, cigarette smoke, mechanical injury, and viral or bacterial infections) have been developed. These models of airway epithelium injury and repair in vivo point to several common sequential processes of repair and epithelial regeneration, including the following: (1) spreading and migration of the basal cells neighbouring the wound, (2) rapid restoration of tight junctions, (3) premitosis dedifferentiation followed by squamous metaplasia, (4) active mitosis leading to basal and mucous cell hyperplasia, followed by (5) progressive redifferentiation with the emergence of 'pre-ciliated' cells (a mixed phenotype of ciliated and mucous cells) and ciliogenesis, allowing the regeneration of a functional mucociliary epithelium [3] .
Regeneration of the hamster tracheal epithelium after mechanical injury has demonstrated rapid re-epithelialization of the denuded epithelium and has shown that cell migration, rather than cell proliferation, occurs first [4] . Epithelial cells at the border of the wounded area are able to dedifferentiate, spread and migrate over the denuded basement membrane to cover the deepithelialized area. Ramphal et al [5] have shown that, after infection with influenza virus, complete desquamation of the epithelium occurs within 3 days, whereas regeneration begins within 5 days and is completed in 2 weeks.
Of the three main airway epithelial cell types, basal and secretory cells are known to divide, whereas ciliated cells are considered to be terminally differentiated. Several investigations support the role of basal cells as progenitors [6] [7] [8] [9] ; others suggest that only secretory cells can regenerate a complete mucociliary epithelium [10] .
Animal tracheal xenograft models have also been developed to analyse airway epithelium regeneration and to try to identify progenitor cell subpopulations involved in this process. Inducing a regeneration process in airway epithelial tissue, which is normally characterized by a low turnover, accelerates proliferation and differentiation.
Rat tracheas were denuded of their surface epithelium by repeated cycles of freezing and thawing, then seeded with adult rat tracheal epithelial cells and implanted subcutanenously into immunodeficient nude mice [11] . Within a few days, the inoculated cells re-established an epithelial lining that was at first 'poorly differentiated' but then developed the features typical of the epithelium from which the cells originated. These poorly differentiated cells, which expressed markers of basal cells but not secretory or ciliated cells, seem to have a pivotal role in the regeneration-differentiation process. Secretory cells sorted by flow cytometry from the rat trachea seem to have a greater colony-forming efficiency than basal cells, and hence could be stem cells [12] . Conversely, in other studies, basal cells elutriated from rabbit trachea acted as basal cells and gave rise to secretory and ciliated cell types in the host trachea [7] .
Submucosal gland cells might also be important in the renewal of the airway epithelium. The group of S Randell and J Dorin [13] found a distinct population of cells expressing high levels of keratin gene and protein in the ciliated ducts of the murine trachea. Because injury is needed to recruit stem cells into division, they damaged the tracheal epithelium and analysed stem cell divisions by injecting bromodeoxyuridine during injury and repair. At 3 and 6 days after injury, bromodeoxyuridine-positive epithelial cells were present along the entire tracheal length in all cells (whether luminal, intermediate or basal cells). By 3 months after injury, the surface epithelium adjacent to gland openings contained bromodeoxyuridine-positive basal cells, suggesting the presence of a stem cell niche in the ciliated ducts. After the removal of surface epithelium, cells migrated from glands to repopulate the tracheal epithelial surface. These results are in agreement with those of Engelhardt's group, which has shown in the newborn ferret that the expression of Lef1 marks early submucosal gland progenitor cells [14] .
All these studies in vivo suggest that several categories of stem cell and progenitor cell, including columnar, basal and ciliated duct cells, can participate in airway epithelium regeneration and renewal. Nevertheless, histological differences exist between human airways and those of other animal species, raising doubts as to the relevance of the latter as models. Mouse tracheal epithelium is composed mainly of ciliated and Clara cells, the latter being present only in human distal airways, and only a few submucosal gland cells are identified at the upper tracheal level in mice.
Human airway xenograft models of maturation and regeneration
A first approach to identify and trace progenitors of human airway epithelium was adapted by Engelhardt et al [15] and Zepeda et al [16] from the animal model in vivo described previously by Shimizu et al [11] . They introduced dissociated human airway epithelial cells into a recipient rat trachea depleted of its own epithelium, which was then grafted into a partly xenotolerant nude mouse. Submucosal gland progenitor cells were identified within the airway surface epithelium; clonal analysis revealed that more than one airway progenitor cell is involved in the initial stage of gland development, and that several stem cell subsets can be responsible for airway epithelial regeneration [17] .
Human fetal airway xenografts in SCID mice
We have described another model of human airway development in vivo relying on the transplantation of embryonic and fetal lung rudiments into xenotolerant SCID mice [18] . Proximal or distal airway primordia grew rapidly in SCID mice and differentiated fully after 6-12 weeks into tracheal or pulmonary structures, including a pseudostratified ciliated and secretory surface epithelium, submucosal glands and cartilage rings as well as alveolar structures and interstitium. Irrespective of initial stages of development, fragments of human fetal tracheas implanted subcutaneously into SCID mice developed as closed fluid-filled xenografts, lined on their whole inner surface with a pseudostratified and secretory epithelium. The presence of airway fluid inside the lumen of these tracheal grafts resulted from surface cell and submucosal gland secretion and from transepithelial active transport of ions and water. The bioelectric properties of these human tracheal grafts implanted in SCID mice were stable over several months and showed that the mature and well-differentiated lining epithelium acted as a selective barrier to ion transport [19] . Xenografts were similar to postnatal normal airways with respect to transepithelial potential difference, short-circuit current and transepithelial resistance as well as to responses to amiloride, forskolin and extracellular ATP. A lower baseline electrogenic ion transport activity, similar to that described in CF postnatal airways, was observed in CF fetal grafts [19] .
This surrogate model of uninfected human airways might be relevant to a characterization of the early phase of inflammation in CF airways [20] . Before any infection, we observed an inflammatory imbalance, characterized by a higher intraluminal content of interleukin-8 and significant accumulation of leucocytes in the subepithelial region of the CF airways grafts. No histological abnormality was observed until these CF tissue grafts were challenged with Pseudomonas aeruginosa. After intraluminal infection, rapid and massive transepithelial migration of leucocytes occurred in CF airway grafts, associated with epithelial exfoliation facilitating the access of bacteria to adherence sites on exposed basal cells and basal lamina. One limitation of this model remains that the xenograft is not exposed to air and probably mimics the prenatal rather than the postnatal human airway environment.
Humanized SCID (SCID-hu) mice as an assay for airway epithelium progenitor cells
In one of the latest developments of the model [21] , human airway grafts in SCID mice were repopulated with allogeneic epithelial cells. First, we seeded host grafts, from which native epithelium had been eliminated by several rounds of freezing and thawing, with total epithelial cells dissociated enzymically from developed airways. The recovery of a fully differentiated mucociliary epithelium ensued in all cases, whereas autonomous regeneration did not occur in control unseeded grafts. We confirmed the donor origin of newly formed epithelia in sex-mismatched combinations of host and donor tissues.
In the same experimental setting we then used as a donor tissue the endodermal pouch dissociated from the 5-7-week embryonic lung rudiment, which is a homogenous population of respiratory epithelium stem cells. Such early Anlagen also replenished the denuded host grafts with the full spectrum of surface epithelial cells and glands [21] . These experimental results demonstrate that candidate airway epithelial stem cells can be assayed functionally in SCID-hu mice. The search for molecular markers discriminating such progenitors is being actively pursued.
Human adult airway epithelial regeneration in a humanized nude mouse model
We recently explored [22] regeneration and maturation in the adult human airway epithelium, adapting the tracheal xenografts in nude mice initially developed by Engelhardt et al [15] . Epithelial cells dissociated from human nasal polyps were seeded into the lumen of rat tracheas denuded of their own epithelium by successive cycles of freezing and thawing. The rat tracheas, tied at their distal end to sterile polyethylene tubings, were inoculated with the human adult epithelial cells and implanted subcutaneously in the flanks of recipient nude mice. We analysed, in terms of cell proliferation and the differentiation and integrity of the epithelial barrier, the sequence of events involved in the regeneration of the human airway epithelium, which were partly similar to those described in epithelium regeneration after airway injury. At 3 days after implantation in nude mice, tracheas were partly repopulated with a flattened non-ciliated and poorly differentiated untight epithelium. By the end of the first week, cell proliferation produced on the entire surface of the host rat trachea a squamous-type epithelium that was stratified into multiple layers and tightly sealed. This squamous epithelium phenotype, which represents a highly protective phenotype previously described after injury, does in fact reflect a protective dynamic regenerative process. During the following weeks, cell proliferation decreased markedly and the epithelium became progressively columnar, secretory and ciliated but was still partly untight, although it was already polarized. We also confirmed that in normal airway epithelium, expression of the CF transmembrane conductance regulator protein (CFTR) was related to epithelium differentiation and was detected at the apical domain of ciliated cells only when the epithelium was fully differentiated. Glandular submucosal structures were visible in xenografts 4 weeks old.
This chimaeric model has the main advantage of reconstituting a human adult airway epithelium exposed to the air environment in the same way as in adult human airways. We are currently analysing the cellular and molecular mechanisms involved in interactions between epithelial cells and bacteria during airway epithelial regeneration. This humanized nude (nu-hu) airway graft is a novel model for studying the inflammatory response of airway epithelium to bacterial virulence factors, oxidants or allergens, and might therefore be very useful in assaying anti-inflammatory molecules in vivo. Another important future pharmacological application of this air-opened humanized airway graft will be in assaying molecules able to activate epithelium regeneration in respiratory diseases such as chronic bronchitis, asthma and CF. Ultimately, this xenochimaera might be of benefit in the analysis of recombinant viral vectors to target progenitor cells for surface epithelium.
